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Protein aggregationSmall heat shock proteins (sHsps) are ubiquitous molecular chaperones which prevent the nonspeciﬁc
aggregation of non-native proteins. Five potential sHsps exist in the parasite Toxoplasma gondii. They are
located in different intracellular compartments including mitochondria and are differentially expressed
during the parasite's life cycle. Here, we analyzed the structural and functional properties of all ﬁve proteins.
Interestingly, this ﬁrst in vitro characterization of sHsps from protists showed that all T. gondii sHsps exhibit
the characteristic properties of sHsps such as oligomeric structure and chaperone activity. However,
differences in their quaternary structure and in their speciﬁc chaperone properties exist. On the structural
level, the T. gondii sHsps can be divided in small (12–18 subunits) and large (24–32 subunits) oligomers.
Furthermore, they differ in their interaction with non-native proteins. While some bind substrates tightly,
others interact more transiently. The chaperone activity of the three more mono-disperse T. gondii sHsps is
regulated by temperature with a decrease in temperature leading to the activation of chaperone activity,
suggesting an adaption to speciﬁc steps of the parasite's life cycle.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
All organisms respond to environmental stress by synthesizing the
so-called stress or heat shock proteins, including the group of small
heat shock proteins (sHsps). sHsps comprise the most widespread
family of molecular chaperones. Their overall protein sequence is
poorly conserved. Nevertheless, they share characteristic features that
include (i) a conservedα-crystallin domain of ~90 residues, (ii) a small
molecular mass of 12–43 kDa, (iii) the formation of large oligomers,
(iv) a dynamic quaternary structure, (v) induction by stress conditions
and (vi) chaperone activity [1]. The structure of sHsps is the key
determinant of their function as molecular chaperones. sHsps
assemble into large, sphere- or barrel-like oligomers composed of
predominantly 12 to 24 monomers [2–7]. According to the available
crystal structures of sHsps, the basic building blocks within the
oligomers are dimers [8]. There is increasing evidence that oligomer-ircular dichroism; CS, citrate
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ll rights reserved.ization is a structural prerequisite for the chaperone activity of sHsps
[9,10]. Nevertheless, the oligomeric structure is highly dynamic,
allowing variations in the compactness of the oligomers and even
the exchange of subunits [7,9,11,12]. Functionally, sHsps are consid-
ered ATP-independent chaperones that interact with partially folded
target proteins to prevent their aggregation and precipitation under
conditions of cellular stress [1]. In the current view, sHsps allow the
storage of unfolded proteins under stress conditions, which can be
refolded in the presence of other chaperones [13–17].
In sequence databases, the existence of the conserved Hsp20/α-
crystallin domain is the sole criterion to assign protein sequences to
the family of sHsps. On this basis, the family of sHsps consists
currently of ~8500 sequences and is expanding rapidly. However, it is
not yet clear, whether the Hsp20/α-crystallin domain is only a
structural motif present in all these sequences, or whether its
presence indeed justiﬁes the functional assignment of a protein to
the family of sHsps. Phylogenetic reconstructions indicate that sHsps
were already present in the last common ancestor of pro- and
eukaryotes [18]. While prokaryotic organisms usually contain only
one or two sHsps, in most higher eukaryotes the number of genes
encoding sHsps is greatly increased: including splice forms, currently
22 Caenorhabditis elegans, 12 human and 22 in Arabidopsis thaliana
proteins are assigned to the family in PFAM database, solely on the
basis of their sequences (http://pfam.sanger.ac.uk//family/pf00011,
version 23). In this context, the example of the human sHsps further
highlights the dilemma of the family classiﬁcation. The 12 human
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HspB9 and do not include HspB10/Odf1 and HspB11/Hsp16.2 which
are discussed rather contradictory in terms of a structural and
functional assignment to the family [19–21]. Why the number of
sHsps increased in higher eukaryotes is not yet clear. With a view to
address this question, we set out to analyze the sHsps family of the
parasite Toxoplasma gondii, which has ﬁve different sHsps located in
three different cellular compartments [22].
T. gondii is a unicellular, obligate intracellular parasite of the
phylum Apicomplexa that infects approximately one third of the
human population and domestic animals [23]. Its life cycle comprises
two, potentially independent cycles, one asexual and one sexual [24].
The sexual cycle involves gametogenesis and fertilization in the gut
epithelium of felines leading to excretion of oocysts with the feces
[25]. The asexual cycle can occur in virtually any warm-blooded
animal, where the parasite exists in two forms: tachyzoites and
bradyzoites [24]. The parasite is able to persist in infected hosts by the
differentiation to slowly growing bradyzoites, which proliferate in the
protected environment of cysts formed in tissues of the host. In the
fast growing tachyzoite stage, the parasites proliferate intracellular
and are able to invade all nucleated cells from different tissues and
organs, thereby causing acute infections. Although the mechanisms
that regulate the transition between these two stages are not clearly
understood, it has been associated in cell culture studies with
different stress inducers, such as temperature and pH [26,27]. Several
studies have established a clear association between the tachyzoite-
to-bradyzoite conversion induced by stressors and the up-regulation
of different Hsps [28–30].
T. gondii has ﬁve different sHsps (Hsp20, Hsp21, Hsp28, Hsp29 and
Hsp30) which share high sequence homology in the α-crystallin
domain and show increased expression upon heat stress condi-Fig. 1. Phylogenetic relationship and intracellular location of the sHsps from T. gondii: A:
Arabidopsis thaliana (At); Babesia bovis (Bbo); Babesia bigemina: (Bbi); Glycine max: (Gl
Plasmodium falciparum (Pf); Plasmodium yoelii yoelii (Pyy); Toxoplasma gondii (Tg). The ali
represent the robustness values of the internal branches calculated by re-sampling (bootstrap
Schematic overview of T. gondii indicating the respective internal localization of the ﬁve d
membrane complex and the partial membrane association of Hsp29 to the plasma membrations [22]. One of the T. gondii sHsps, Hsp28, is predominantly
expressed in tachyzoites [22], while another sHsp, Hsp30, is only
expressed in brachyzoites [31,32], Interestingly, they also have
different intracellular locations (Fig. 1). While Hsp21 and Hsp30 are
located in the cytosol [22], Hsp29 seems to be membrane-associated
but also distributed throughout the whole cell. Hsp28 is located in
mitochondria [22] and Hsp20 is associatedwith the outer leaﬂet of the
inner membrane complex [33]. However, the functional role of any T.
gondii sHsp remains unclear. In this report, we puriﬁed all ﬁve sHsps
from T. gondii and analyzed their structural and functional properties.
2. Materials and methods
2.1. Materials
All chemicals were obtained from VWR (Darmstadt, Germany).
Mitochondrial citrate synthase (CS) from pig heart (EC 4.1.3.7), yeast
Hsp26 and human Hsp27 were puriﬁed as described elsewhere
[3,13,34]. The concentration of CS was determined using the
extinction coefﬁcient ε=75,770 at 280 nm. CS was stored in 50 mM
Tris/HCl, 2 mMEDTA, pH 8.0. The concentrations for all proteins given
in the text refer to monomers, if not indicated otherwise.
2.2. Phylogenetic analysis
The deduced amino acid sequences corresponding to different small
heat shock proteins were obtained from GenBank. The tree was
constructed with the α-crystallin domain of the following sequences:
Arabidopsis thaliana: AtHsp23.6 (CAA23601); Babesia bovis: BboHsp20
(AAK11624); Babesia bigemina: BbiHsp20 Glycine max: GlyHsp22
(Q39818), GlyHspcl (P09887), GlyHsp22e (P30236); LycopersiconPhylogenetic tree including α-crystallin domain from sHsps of different organisms:
y); Lycopersicon esculentum (Le); Neospora caninum (Nc); Plasmodium berghei (Pb);
gnment was carried out by the ClustalW method. The numbers in the different nodes
). The amino acid sequence of E. coli IbpA and IbpB was used as out-group sequences. B:
ifferent sHsps. Arrows indicated the location of Hsp20 to the outer leaﬂet of the inner
ne. For Hsp30, the brackets indicate its bradyzoite speciﬁc expression.
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(AAN87330); Plasmodium berghei: PbHsp20 (AAL07529); Plasmodium
yoelii yoelii : Pyy20 (EAA21871); T. gondii: TgHsp30 (X82213), TgHsp20
(AY644771), TgHsp21 (AY756061), TgHsp28 (AY650281), TgHsp29
(AY721614). The sequences were aligned using the Clustal W method
[35] setting the default parameters followed by back-translation [36].
The phylogenetic tree was constructed using the maximal parsimony
method with the TNT program [37]. The amino acid sequence of
Escherichia coli IbpA (A1AHM2) and IbpB (YP859285a) were used as
out-group sequences.
2.3. Expression and puriﬁcation of T. gondii sHsps
The full length open reading frames encoding Hsp20, Hsp28,
Hsp29 and Hsp30 were ampliﬁed from cDNA by PCR using the same
set of primers previously described [22]. For heterologous expression
in E. coli, the PCR fragments were cloned into a pET21 vector under
the control of a T7 promoter. The proteins were expressed in E. coli
BL21 (Stratagene, La Jolla, USA) grown in Luria–Bertani medium
supplemented with 100 mg ampicillin at 37 °C to an OD600 of 0.8 prior
to induction with 1 mM IPTG. Cells were lysed in a Basic Z cell
disrupter (Constant Systems, Warwick, UK) at 2.3 kbar. After
separation of insoluble material by centrifugation for 60 min at
40,000×g, the cleared lysatewas applied onto a Q-Shepharose column
(GE Healthcare, Munich, Germany) equilibratedwith buffer A (50 mM
Tris/HCl, 2 mM ETDA, pH 8.0) and eluted with a gradient from 0–
750 mM NaCl. sHsp-containing fractions were pooled, dialyzed
against buffer A, loaded on a 6 ml Resource Q anion exchange (GE
Healthcare, Munich, Germany) and eluted in a gradient from 0 to
750 mM NaCl in buffer A. The sHsps were further puriﬁed on a
Sephadex 200 gelﬁltration column (GE Healthcare, Munich, Germany)
in buffer A. The fractions containing the corresponding sHsp were
pooled, dialyzed against buffer A, frozen in liquid nitrogen and stored
at−80 °C. The purity of protein fractions was analyzed by SDS-PAGE
and mass spectrometry. The Hsp21 gene was ampliﬁed from cDNA by
PCR and cloned into a pGEX4T-1 vector (GE Healthcare, Munich,
Germany) generating a fusion protein with GST. The protein was
expressed in E. coli XL1 blue (Stratagene, La Jolla, USA) grown and
lysed as described above. The cleared lysatewas applied to a 5 ml GST-
Trap column (GE Healthcare, Munich, Germany). After washing with
50 mM Tris/HCl, pH 8.0, the protein was cleaved on column in the
presence of 1 U/µl Thrombin (Calbiochem, La Jolla, US). From the
eluting sample, Thrombinwas removed by applying the sample onto a
1 ml benzamidine column (GE Healthcare, Munich, Germany). The
resulting sample was dialyzed against buffer A and the quality control
was performed as described for the other sHsps.
2.4. Analytical size exclusion chromatography
Size exclusion HPLC (SEC) was performed using a TosoHaas TSK
4000 PW or TSK 5000 PW column (separation range 10–1500 kDa or
100–2500 kDa, Tosoh Biosciences, Stuttgart, Germany) equilibrated in
buffer A at a ﬂow rate of 0.75 ml/min at 25 °C. sHsps were detected by
ﬂuorescence at an excitation wavelength of 280 nm and an emission
wavelength of 330 nm using a FP 920 ﬂuorescence detector (Jasco,
Großumstadt, Germany). Standard proteins from the molecular
weight marker kit (aldolase, ferritin and thyroglobulin; Sigma, St.
Louis, USA) and lumazine synthase from Bacillus subtilis (1054 kDa; a
kind gift from M. Fischer, Abteilung Lebensmittelchemie, Universität
Hamburg) were used for calibration.
To analyze the formation of sHsp–substrate complexes, SEC was
performed at 25 °C in buffer A. The sample volume was 100 µl.
Complexes were formed by incubation of 1.2 µM sHsp and 0.6 µM of
CS at 43 °C for 30 min in buffer conditions as described for thermal
aggregation (see below). After incubation, the complexes were ﬁrst
stabilized on ice for 30 s and then applied to SEC using a TSK 4000 PWcolumn. Spectra were analyzed and normalized to the amount of
complexobserved for the respective sHsp, using the SigmaPlot software
package (SPSS, Chicago, USA).
2.5. Analytical ultracentrifugation
Determination of the native molecular weight of Hsp28 and Hsp21
was performed using analytical ultracentrifugation sedimentation
equilibrium experiments. Analytical ultracentrifugation was carried
out in a ProteomLab XL-A (Beckman, Krefeld, Germany) supplied with
absorbance optics. 95 µl of the samples plus 10 µl oil and 115 µl buffer A
were loaded into assembled cells with quartz windows and 3-mm path
length charcoal-ﬁlled epon six-channel centerpieces and were centri-
fuged at 13,000 rpm in an four-hole Beckman–Coulter AN60-Ti rotor
until equilibrium was reached. Formation of the protein concentration
gradient was monitored at 280 nm, continuously scanned with a radial
resolution of 30μm and three replicates were taken. Data analysis was
carried out with the Ultrascan software (www.ultrascan.uthscsa.edu)
ﬁtting to a single-species non-interacting model.
2.6. Thermal aggregation of CS
Light scattering was used to examine the inﬂuence of sHsps on the
thermal aggregation of CS. For this purpose, 15 µM CS were diluted
1:50 in 40 mM Hepes/KOH pH 7.5, equilibrated at 43 °C, in the
presence and in the absence of sHsp. Aggregation kinetics was
measured in a Cary 50 spectrophotometer (Varian, Darmstadt,
Germany) in a thermostated quartz cell at 400 nm.
2.7. Thermal inactivation of CS
Inactivation of CS was performed as described previously [38]. CS
was incubated in the absence or presence of sHsp in 40 mM Hepes/
KOH, 0.5 mM DTT, pH 7.5 at 43 °C. To determine CS activity, aliquots
were taken at time points indicated and the activity was measured in
50 mM Tris/HCl, 2 mM EDTA, pH 8.0 at 25 °C [39].
2.8. Chemically induced aggregation of CS
CS was unfolded in 40 mM Hepes/KOH (pH 7.5), 6 M GdmCl
according to Buchner et al. [38]. Aggregation of CS was induced by
diluting CS 200-fold into 40 mM Hepes/KOH (pH 7.5) to a ﬁnal
concentration of 150 nM. Aggregation was monitored at 25 °C in a
Cary 50 spectrophotometer (Varian, Darmstadt, Germany) at 360 nm.
To analyze potential temperature activation, the sHsps were incubat-
ed for 30 min in the sample buffer at the temperatures indicated,
immediately cooled to 25 °C and subsequently assayed for aggrega-
tion suppression of CS.
2.9. Secondary structure and protein stability analysis
Circular dichroism spectroscopy (CD) was used to determine the
secondary structure of the T. gondii sHsps. Far-UV-CD spectra were
recorded using a Jasco J-715 spectropolarimeter (Jasco, Großumstadt,
Germany) with a PTC 343 peltier unit. The experiments were carried
out in quartz cuvettes with 0.02 cm pathlength at a protein
concentration of 0.2 mg/ml. Far-UV-spectra were recorded from 195
to 260 nm in buffer A at 20 °C; 16 spectra were accumulated and all
spectra were buffer-corrected. Structural elements were calculated
using the CD spectra deconvolution software CDNN software (www.
bioinformatik.biochemtech.uni-halle.de/cdnn).
Tomonitor the thermal stability of Hsp21, Hsp28, Hsp29 and Hsp30,
the proteins (concentration, 0.2 mg/ml) were melted with a constant
heating rate of 30 °C/h in 0.1 cm cuvettes. The elipticity at 220 nm for
Hsp21, Hsp28 and Hsp29 or 208 nm for Hsp30 was recorded and the
unfolding transitions were analyzed using the Jasco spectra analysis
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normalizing the native samples to 1 (100% folded). To monitor the
thermal stability of Hsp20, the binding of the ﬂuorescent dye SYPRO
orange (Invitrogen, Karlsruhe, Germany) to hydrophobic regions
becoming accessible upon protein unfolding, was determined. 500 nM
Hsp20were incubated in buffer A together with 0.5 µl of 5000 × SYPRO
orange solution in a stirred 1.5 ml cuvette using a Jasco FP-6500
ﬂuorescence spectrometer equippedwith anETC273 peltier unit (Jasco,
Großumstadt, Germany) using a constant heating rate of 30 °C/h. The
changes in ﬂuorescence emission at 575 were recorded (excitation
490 nm) and analyzed using the Sigma Plot software package (SPSS,
Chicago, USA). For comparison the fractional change of the structural
contentwas plotted, normalizing the native samples to 1 (100% folded).
2.10. Electron microscopy
Puriﬁed sHsps were adsorbed at 20 °C for 2 min onto carbon-coated
gridswhichwere glowdischarged in air prior to the application of 5 μl of
protein solution. Excess protein solution was blotted off and the
adsorbed molecules were negatively stained for 30s using 5 μl of 2 %
(w/v) uranyl acetate (pH 4.5). Electron micrographs were recorded at
a nominal magniﬁcation of 50,000× using a JEOL JEM 100 CX electron
microscope operated at 100 kV. Suitable micrographs were selected
by optical diffraction and digitized using a Flextight PrecisionII array
scanner. Single particle images were extracted and subjected to
standard multivariate statistical analysis, classiﬁcation and averaging
procedures.
2.11. Subunit exchange measurements
Subunit exchange between the T. gondii sHsps was monitored by
ﬂuorescence resonance energy transfer (FRET) as described elsewhere
[10,40]. T. gondii sHsps were labeled in buffer A with Fluorescein-X5-
maleimide or TAMRA-5-maleimide according to the manufacturer's
protocol (Molecular Probes, Karlsruhe, Germany). Subunit exchange
wasmeasured at aﬁnal concentration of 1 µMsHsp respectively, using a
SPEX Fluoromax-2 ﬂuorescence spectrometer (Jobin Yvon, München,
Germany). The time-dependent changes in the acceptor signals at
566 nm (donor excitation at 491 nm) were monitored in 10 s incre-
ments. The rate of subunit exchange was determined as described by
Bova et al. [40]. TAMRA-labeled proteins were added after pre-
incubation of ﬂuorescein labeled proteins until the emission intensities
ofﬂuorescein stabilized. Thenormalized acceptorﬂuorescence intensity
as a function of time, F(t), was ﬁtted to the equation F(t)=C1+C2e−kt.
The half-life was calculated from t1/2=ln2/ktransfer. The reversibility of
the exchange reaction was controlled by subsequent addition of a 20
fold excess of unlabelled protein to the mixed oligomers.
3. Results
sHsps comprise a widespread but poorly conserved family of
molecular chaperones. Phylogenetic analyses suggest that sHsps
diverged very early in evolution [41,42]. Members of the sHsp family
have been found in all kingdoms of life, from archaea, bacteria to
plants and animals. In T. gondii, ﬁve different sHsps exist based on
database analysis and sequence comparison [22]. Phylogenetic
analysis using the neighbor joining (NJ) method showed that the T.
gondii sHsps are separated in two groups (Fig. 1). One group consists
of Hsp20, Hsp21, Hsp29 and Hsp30, the latter also known as Bag 1
(bradyzoite speciﬁc antigen) [31,32]. This group was also found to
include other Apicomplexa sHsps, suggesting that all of them are
closely related (Fig. 1). By contrast, mitochondrial Hsp28 clusters
together with plant organelle sHsps in the other group, indicating that
it is highly diverged from the other four T. gondii sHsps. However, it is
unclear yet, whether all ﬁve proteins indeed belong to the family of
sHsps.3.1. All T. gondii sHsps show the characteristic, β-sheet dominated
secondary structure
In order to investigate whether the ﬁve T. gondii proteins exhibit
structural and functional properties of known sHsps, we cloned,
expressed and puriﬁed all of them and directly compared them under
identical buffer conditions to avoid interfering side effects.
Initially, we analyzed the proteins by far-UV CD spectroscopy. The
spectra of all proteins are characteristic for proteins containing a
mixture of β-sheets and some α-helical regions (Fig. 2). Using the
deconvolution software CDNN, mean contents of 31–42.5 % ß-sheet,
and 8–16 % α-helix were calculated for the T. gondii sHsps (Table 1).
These data are in agreement with the structural characteristics of
sHsps, which contain mainly β-sheets in their α-crystallin domain
while their N-terminal region-consists of unstructured and α-helical
parts [8,43,44].
To analyze the thermal stability of the T. gondii sHsps, the
temperature-induced loss of their structure was monitored (Fig. 2).
None of the proteins showed structural changes in the physiologically
relevant range of temperature (around 37 °C). Hsp20, Hsp28 and
Hsp30 showed a prominent loss of structure in the temperature range
from 45 °C to 65 °Cwith transitionmidpoints at 56 °C, 54 °C and 52 °C,
respectively (Fig. 2). Hsp21 and Hsp29 exhibited a higher thermal
stability with transition midpoints of 65 °C and 73 °C, respectively.
Interestingly, the sHsp system of T. gondii, consisting of members with
a rather low stability (Hsp30, Hsp28 and Hsp20) andmore stable ones
(Hsp21 and Hsp29), is similar to the yeast sHsp system where Hsp42
with an transition midpoint of ~50°C [45] is less stable than Hsp26
(Tm~75 °C) [46].
3.2. All T. gondii sHsps form large, globular oligomers
In addition to their sequence homology toα-crystallin and the low
molecular mass of the monomers, the proteins of the sHsp family
share further structural similarities, including the formation of large
oligomeric complexes [1]. SEC was performed in order to determine
the quaternary structure of the T. gondii sHsps (Fig. 3). At a
concentration of ~10 µM, Hsp28 and Hsp21 each gave a single peak
with apparent molecular masses of ~1 MDa and ~250 kDa, respec-
tively (Fig. 3). Hsp20 showed a prominent peak with a slight shoulder
and an apparent molecular mass of ~280 kDa. In contrast, for Hsp29
and Hsp30 several peaks with dominant apparent molecular masses
ranging up to 550 kDa for Hsp29 and ~1 MDa for Hsp30 were
observed (Fig. 3). Similar distributions of peaks were observed for the
ﬁve proteins when varying concentrations of sHsps were applied. No
clear shift to higher or lower oligomeric states were obvious at
concentrations of 0.2–40 µM (data not shown). In the case of Hsp30,
one peak eluted in the void volume of the column, indicative of the
formation of aggregate-like complexes. These forms were detected in
the elution proﬁle even after centrifugation at 10,000×g for 15 min.
These results reveal that the ﬁve T. gondii sHsps, with theoretical
molecular masses of 20–30 kDa for the monomers, form complexes
consisting of 12 to more than 30 subunits (Table 1). These oligomeric
states are similar to those found for other eukaryotic sHsps such as
human α-crystallin [47,48] and Hsp27 [49], pea Hsp18 [50] and yeast
Hsp26 [11,51].
The three mono-disperse representatives, Hsp28, Hsp21 and
Hsp20 were further analyzed by analytical ultracentrifugation
(Table 1). Here, apparent molecular masses of 860 kDa for Hsp28
(corresponding to 30 subunits), 260 kDa for Hsp21 and 250 kDa for
Hsp20 (corresponding to 12 subunits) were determined, further
conﬁrming the results obtained by SEC. In contrast, the more poly-
disperse members did not give reasonable results when analyzed by
analytical centrifugation (data not shown).
To analyze the structures of the oligomeric complexes inmore detail,
we visualized the proteins by negative stain electron microscopy (EM).
Fig. 2. T. gondii sHsps show the characteristic secondary structure of sHsps. Far-UV-CD spectra of the native (black) and denatured (grey) sHsp proteins. The spectra were recorded at
a protein concentration of 0.3 mg/ml in 50 mMTris/HCl, pH 8.0 at 20 °C in the absence or presence of 6 MGdmCl respectively. Stability:Temperature-induced unfolding of the Hsp21
(△), Hsp28 (□), Hsp29 (◊) and Hsp30 (▽) was monitored by CD at 220 nm (Hsp21, Hsp28, Hsp29) or 208 nm (Hsp30). The thermal unfolding of Hsp20 (○) was monitored by
following the increase of SYPRO orange ﬂuorescence at 575 nm. The CD and SYPRO orange signal was normalized by setting the signal of the native protein to 1.
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heterogeneous in size. In all preparations, except for Hsp30, predom-
inant assemblies were visible. In Hsp30 preparations heterogeneous
spherical oligomerswithmean diameters ranging from 10–15 nmwereTable 1
Structural properties of T. gondii sHsps.
Hsp20 Hsp21 Hsp28 Hsp29 Hsp30
α-helix [%] 9.5 16 13 13 8
β-sheet [%] 42.5 34 33.5 31 42
β-turn [%] 18 18 19 21 18.5
random coil [%] 30 32 34.5 35 32.5
theoretical, monomeric molecular
mass [kDa]
20.252 21.278 30.924 29.659 25.041
number of subunits according to
SEC
~13 ~12 ~32 ~18 ~32
number of subunits according to UC ~12 ~12 ~30 n. d. n. d.
n. d., not determined.observed, as well as large aggregate-like complexes without clear
structural features which presumably correspond to the complexes
observed in the void volume of the SEC experiments (Fig. 3). For the
other sHsps the appearance was rather homogenous, the mean
diameter varied between 9 nm for Hsp20 and Hsp21, 12.5 nm for
Hsp29 and 18 nm for Hsp28 as determined from the respective class
averages (Fig. 4A, insets). The globular appearance of the oligomers in
the transmission electron micrographs and the analogy to other sHsp
structures [7,8,11] suggested that sHsps from T. gondii are organized in
spherical oligomers.3.3. Hsp21 and Hsp29 exchange subunits and form a hetero-oligomer
Next, we investigated whether the T. gondii sHsps were able to
exchange subunits as described for other sHsps. For this purpose, we
labeled the T. gondii sHsps with ﬂuorescent dyes and monitored the
exchange of subunits by FRET. At physiological temperature (37 °C),
we were able to determine subunit exchange rates with a half-life of
Fig. 3. T. gondii sHsps assemble into oligomers. Size exclusion chromatography of T. gondii sHsps. HPLC was performed using a TosoHaas TSK 4000 PW column for Hsp20 and Hsp21
and a TosoHaas TSK 5000 PW for Hsp28, Hsp29 and Hsp30 as described in Materials and methods. Protein concentrations were 10 µM.
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comparable to other mono-disperse sHsps like Hsp26 [52]. The
subunit exchange rates for Hsp29 and Hsp30 were signiﬁcantly faster
with t1/2~136 s and t1/2~62 s, respectively (Table 2). This observation
is in accordance with the proposed poly-dispersity of Hsp29 and
Hsp30. To investigate whether subunit exchange between different
T. gondii sHsps occurs, we performed FRET experiments with various
combinations of labeled sHsps. No inﬂuences on donor or acceptor
signal were observed when Hsp20, Hsp28 or Hsp30 were mixed with
other sHsps indicating that no hetero-oligomer formation takes place.
The cytosolic members, Hsp21 and Hsp29, on the other hand were
able to form hetero-oligomers between each other, as indicated by the
observed subunit exchange FRET kinetics (Table 2).
To further characterize the Hsp21–Hsp29 hetero-oligomers, the
proteins where incubated together at a molar ratio of 1:1 for 20 min at
37 °C, SEC analysis showed a single peak with an apparent molecular
mass of ~300 kDa. SDS-PAGE analysis of the peak fraction conﬁrmed,
that both proteins are present in the peak (Fig. 4B). EMmicrographs of
the mixture of Hsp21 and Hsp29 also showed particles indicative for a
globular hetero-oligomer (Fig. 4C).
3.4. All T. gondii sHsps show chaperone activity
A key characteristic of molecular chaperones is their ability to
suppress the aggregation of non-native proteins. To test whether theT. gondii sHsps exhibit chaperone activity, as previously shown for
other sHsps [53–56], we performed thermal unfolding assays using CS
as a model substrate [38]. The dimeric enzyme is inactivated and
aggregates irreversibly at temperatures above 40 °C. As shown in
Fig. 5A, the spontaneous aggregation of CS, monitored by light
scattering at 43 °C, reached a maximum value after approximately
15 min. Increasing concentrations of T. gondii sHsps led to a
concentration-dependent suppression of CS aggregation for all ﬁve
proteins. Hsp20 showed half-maximal suppression of the thermal
aggregation of CS already at a CS:Hsp20 ratio of 1:1 (Fig. 5A) and
Hsp28 gave a half-maximal suppression at a CS:Hsp28 ratio of 1:2.
Hsp21 and Hsp29 suppressed CS aggregation in a highly comparable
manner and strength, with CS:sHsp ratios of ~1:4 leading to half-
maximum inhibition of aggregation. Hsp30, however, demonstrated
only weak chaperone activity. CS:Hsp30 ratios of up to 1:16 were
needed to reach half-maximal suppression of CS aggregation (Fig. 5A).
A further increase of the Hsp30 concentration did not result in
stronger suppression (data not shown). To investigate if the formation
of Hsp21–Hsp29 hetero-oligomer inﬂuences the chaperone activity
we also studied the aggregation behavior of CS in the presence of the
hetero-oligomers. However, no additive or synergistic effects on
chaperone activity were observed (Fig. 5B). The comparison of the
observed ratios of half-maximal aggregation suppression of the
T. gondii sHsps to the sHsps from other organisms demonstrates that
the chaperone activities of all T. gondii sHsps are in the characteristic
Fig. 4. The T. gondii sHsps form globular oligomers. A: Band pass ﬁltered transmission electron micrographs of negatively stained T. gondii sHsps. ~0.4 mg/ml protein in 50 mM Tris/
HCl, 2 mM EDTA, pH 8.0, stained with 1.5% (w/vol) uranyl acetate, pH 4.5 with corresponding class averages for Hsp20, Hsp21, Hsp28 and Hsp29. For Hsp30 a magniﬁed, typical
agglomerate is shown. Scale bar: 100 nm. Box size of the class averages and Hsp 30magniﬁcation: 30 nm. B: Size exclusion chromatography of Hsp21–Hsp29 hetero-oligomers. HPLC
was performed using a TosoHaas TSK 4000 PW column. The 1:1 mixture of Hsp21 and Hsp29 (10 µM each) was pre-incubated 20 min at 37 °C prior to SEC. Inset, silver stained SDS-
PAGE of the fraction corresponding to the tip of the observed SEC peak. C: Band pass ﬁltered transmission electron micrograph of the negatively stained Hsp21–Hsp29 hetero-
oligomer. ~0.4 mg/ml protein in 50 mM Tris/HCl, 2 mM EDTA, pH 8.0, stained with 1.5% (w/vol) uranyl acetate, pH 4.5 with corresponding class average. Scale bar: 100 nm. Box size
of the class average 30 nm.
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suppresses CS aggregation very potently, while T. gondiiHsp21, Hsp29
andHsp30behave similar to yeastHsp26 [40,45,51,57–59]. Usually the
half-maximal suppression ratios for protein substrates range between
1 and 0.1 (substrate:sHsp). Thus, four of the T. gondii sHsps are
effective chaperones, with Hsp20 and Hsp28 belonging to the most
effective sHsps characterized so far. The rather weak chaperone
properties of Hsp30, however, indicate a mechanism where no or few
chaperone–substrate complexes are formed. To further investigate
this difference in chaperone activity, we analyzed the inﬂuence of the
T. gondii sHsps on the inactivation of CS. Compared to aggregation, the
loss of enzymatic activity is an early step in the unfolding process of CS
[38]. Interestingly, except for Hsp28, all T. gondii sHsps were able to
slow down the inactivation reaction signiﬁcantly in a concentration-
dependent manner (Fig. 5C). The half-maximum effect could be seenTable 2
Subunit exchange of T. gondii sHsps.
Acceptor Hsp20 Hsp21 Hsp28 Hsp29 Hsp30
Donor
Hsp20 470 – – – –
Hsp21 – 448 – 465 –
Hsp28 – – 582 – –
Hsp29 – 982 – 136 –
Hsp30 – – – – 63
Subunit exchange of sHsp oligomers was monitored by ﬂuorescence resonance energy
transfer. The values represent the half-times of subunit exchange in s. The time-
dependent changes in the acceptor emission intensities of a mixture of 1 µM FITC and
TAMRA-labeled sHsp at 37 °C were recorded at 580 nm. –, no FRET was observed.at CS:sHsp molar ratios of ~1:16 for Hsp20, ~1:8 for Hsp21 and Hsp29
and ~1:4 for Hsp30. A further increase in sHsp concentration did not
decelerate the inactivation further (data not shown). This suggests a
transient binding of Hsp20, Hsp21, Hsp29 and Hsp30 to CSwith Hsp30
showing the weakest, i.e. most transient, interactions. Hsp28, on the
other hand, did not inﬂuence the thermal inactivation of CS, indicating
a rather stable substrate binding mode for Hsp28 (Fig. 5C). Again, the
Hsp21–Hsp29 hetero-oligomer behaved like the isolated proteins
(Fig. 5D). Comparison of the observed ratios needed for half-maximum
suppression of CS inactivation to sHsps from other organisms
indicated that the effects are in the characteristic range (Fig. 5D).
Like human Hsp27, T. gondii Hsp28 is not able to inﬂuence the
inactivation of CS, while the activity of T. gondii Hsp21, Hsp29 and
Hsp30 is more comparable to that of yeast Hsp26. As also commonly
observed for Hsps from other organisms, the T. gondii sHsps with the
strongest aggregation suppression show the lowest inﬂuences on
substrate inactivation (Fig. 5B,D). In this context, it should be
mentioned that usually the chaperone activities are highly substrate
dependent. Nevertheless, the set of T. gondii sHsps mirrors quite well
the whole variety of chaperone properties observed within the family
of sHsps and thus, interesting differences in the interaction between a
non-native protein and different T. gondii sHsps exist. Therefore we
studied the potential of the T. gondii sHsps to form stable chaperone–
substrate complexes by SEC (Fig. 5E, F). We pre-incubated the sHsps
together with CS for 30 min at 43 °C at a CS:sHsp ratio of 1:2 and
subsequently analyzed the presence of stable sHsp–substrate com-
plexes. Except for Hsp30, all sHsps from T. gondii as well as the Hsp21–
Hsp29 hetero-oligomer were able to form stable complexes with CS.
Nevertheless, depending on the respective sHsps, the ratios of sHsp–
Fig. 5. All ﬁve T. gondii sHsps show chaperone activity. A: Inﬂuence of the T. gondii sHsp on the thermal aggregation of CS. CS (ﬁnal concentration: 0.3 µM) was diluted into a thermostated solution (43 °C) containing 0.3 µM (♦), 0.6 µM (▽),
1.2 µM (▲), 2.4 µM (▼) or 4.8 µM (■) sHsp. Circles (●) represent the spontaneous aggregation of CS at 43 °C. The kinetics of aggregation was determined by measuring the light scattering of the samples at 360 nm. B: Comparison of ratios of
half-maximal aggregation suppression of CS. Thermal aggregation of CS was studied as described in A. Hsp26, S. cerevisiae Hsp26; Hsp27, human Hsp27; hetero, Hsp21–Hsp29 hetero-complex. The error bars represent 3 independent
experimental series. C: Inﬂuence of the respective sHsps on the thermal inactivation of CS. Inactivation of CS (0.15 µM) at 43 °C in the absence (●) and in the presence of increasing concentrations of the respective sHsp; 0.6 µM (▽), 1.2 µM
(▲), 2.4 µM (▼) and 4.8 µM (■). Inactivation was monitored by incubating the sample at 43 °C and measuring the remaining CS activity at the time points indicated. D: Comparison of ratios of half-maximal effects on CS inactivation. Thermal
inactivation of CS was studied as described in C. Hsp26, S. cerevisiae Hsp26; Hsp27, human Hsp27; hetero, Hsp21–Hsp29 hetero-complex. The error bars represent 3 independent experimental series. E, F: Complexes of T. gondii sHsps (E) or
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predominantly in complexeswith CS, Hsp29, Hsp20 and Hsp21 aswell
as the Hsp21–Hsp29 hetero-oligomer were incorporated in substrate
complexes to a lower extent. Conversely, in the samples where sHsps
were forming less complexes with CS, a substantial amount of soluble,
dimeric CS was observed indicating a more transient interactions of
these sHspswith CS (Fig. 5E,F). In the absence of sHsps, CS unfolds and
aggregates completely at 43 °C. These species are captured by the pre-
column and nearly no free CS is found in the elution proﬁle.
To investigate whether the T. gondii sHsps are constitutively active
chaperones or whether they are activated by changes in temperature,
we monitored the aggregation behavior of chemically unfolded CS in
the presence of thermally pre-treated T. gondii sHsps. Speciﬁcally, CS
was unfolded in 6 M GdmCl and aggregation was induced by diluting
it 100-fold into buffer without GdmCl. The T. gondii sHsps were
activated by incubation at 25 °C, 37 °C, 40 °C or 43 °C for 30 min and
subsequently analyzed for their ability to suppress the aggregation of
chemically unfolded CS at 25 °C. Interestingly, none of the T. gondii
sHsps demonstrated higher activity after pre-incubation at higher
temperatures (Fig. 6 and data not shown). The efﬁcacy in suppressing
the aggregation of CS was rather constant for all sHsps. However,Fig. 6. Three of the T. gondii sHsps are activable. For the analysis of thermal activation of
T. gondii sHsps, aggregation of chemically denatured CS after dilution into 40 mM
Hepes/KOH (pH 7.5) at 25 °C to a ﬁnal concentration of 1.5 µM was studied in the
absence (○) or presence of 3 µM sHsp. The respective sHsp was pre-incubated in the
sample buffer at 4 °C (⁎), 25 °C (◊), 37 °C (▽), 40 °C (△) or 43 °C (□) for 30 min,
immediately cooled and subsequently assayed for aggregation suppression.when Hsp28, Hsp20 and Hsp21 were incubated at 25 °C or lower
temperatures, an increase in their potential to suppress the
aggregation of chemical denatured CS was observed. This surprising
observation hints to a potential cold activation for three of the T.
gondii sHsps.4. Discussion
In protein family databases, the existence of the conserved Hsp20/
α-crystallin domain in a protein sequence is currently the key
criterion to assign a protein sequence to the family of sHsps. This has
lead to the classiﬁcation of several thousands of proteins as members
of this family irrespective of whether they share the characteristic
structural and functional features in addition to the presence of the
Hsp20/α-crystallin domain. Therefore, it is unclear if the Hsp20/α-
crystallin domain represents only a structural motif or is also
indicative of the functional properties of sHsps.
Phylogenetic reconstructions indicate that during evolution the
numbers of genes carrying the Hsp20/α-crystallin domain increased,
especially with the occurrence of multi-cellular organisms. In the
parasite T. gondii, the existence of ﬁve different, potential sHsps,
Hsp20, Hsp21, Hsp28, Hsp29 and Hsp30, located in three different
cellular compartments, was suggested [22]. However, previous
studies did not address the question whether these proteins share
the characteristic properties of sHsps.
Taken together, the experiments described here show that all ﬁve
potential T. gondii sHsps are indeed structurally and functionally
members of the sHsp protein family. All ﬁve proteins form oligomers
and are potent chaperones. On the basis of sequence analysis, the T.
gondii sHsps fall into two different groups. The phylogenetic tree
indicates that Hsp28 is more divergent than the other four T. gondii
sHsps and, as amitochondrial protein, closer related to bacterial sHsps
than the others. Interestingly, according to our data, Hsp28 is also the
most mono-disperse member forming the most stable complexes
with substrate proteins. It is worth mentioning, that the only other
mitochondrial sHsps studied so far, Hsp22 from Drosophila, behaves
highly similar. In a subset of 4 different Drosophila sHsps, it also was
determined to suppress substrate aggregation highly sufﬁciently by
binding stably to the substrates [60].
All ﬁve T. gondii sHsps form globular oligomers and are able to
suppress the aggregation of substrate proteins by the formation of
sHsp–substrate complexes. Only Hsp30, also known as Bag 1
(bradyzoite speciﬁc antigen) [31,32], shows very weak chaperone-
like properties compared to other sHsps. Interestingly, sHsps from
other species, e.g. yeast Hsp42, also show only slight aggregation
suppression and poor complex formationwith substrate proteins [45].
This may be indicative of a specialization of these sHsps for certain
substrates or stress conditions. In this context, differences in the
morphology of sHsp–substrate complexes have been observed
previously, revealing substrate-speciﬁc variations in the binding
mechanisms [61].
The overall assembly into oligomeric complexes form a dimeric,
basic building block seems to be conserved among sHsps [1]. Until
now, only a small set of quaternary structures of sHsps have been
analyzed and all of them seem to be slightly different. Despite the
conserved organization in spherical, higher oligomeric complexes, no
general structural picture of the assemblies arose yet. The sizes of the
complexes observed in this study are clearly diverse, with assemblies
ranging from 12 to 32 subunits. Nevertheless, two different groups of
assemblies can be deﬁned: small oligomers, most likely 12mers or
18mers, and larger ones (predominately 24 or 32mers). Hsp28 and
Hsp30 are of the large oligomer type while Hsp20, Hsp21 and Hsp29
belong to the small type. However, the assembly type does not
directly correlate with mono- or poly-dispersity and the strength of
substrate binding.
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discussed. In onemodel, the exchange of subunits, presumably dimers,
is considered as a prerequisite for chaperone activity [58,62–64], while
in the other model the oligomers are thought to be the active species
and structural rearrangements in the oligomer are considered as the
basis for (temperature-induced) activation [9,10]. Our experiments
demonstrate that, like other family members, all T. gondii sHsps show
rather slow subunit exchange rates at physiological temperatures
[9,10,40]. In this context, it is also worth noting that most T. gondii
sHsps do not exchange subunits between different sHsp species. The
localization of the ﬁve proteins may be a reason for this behavior. Only
Hsp21 and Hsp29 are able to form hetero-oligomers which are
functionally indistinguishable from the homo-oligomers as no
additive or synergistic effects of hetero-oligomer formation on
chaperone function were observed. Although Hsp29 was described
to be predominately associated to membranes which might impede
hetero-oligomer formation in vivo, recent evidence showed that
Hsp29 is distributed throughout the whole cell (S. O. A., unpublished
data).Moreover, both proteins share similar chaperone properties and
highly conserved α-crystallin domains according to their sequence
alignment. However, it is important to note that the assembly types of
both proteins seem to differ slightly at least under in vitro conditions
with Hsp21 forming ~12mers and Hsp29 ~18mers. On the other hand,
the two cytosolic members, Hsp21 and Hsp30, seem to be unable to
exchange subunits. Furthermore, they differ in their expression
proﬁles, oligomeric assemblies, dynamics and chaperone activity.
While Hsp21 is a rather mono-disperse, most likely dodecameric
protein capable of forming stable complexes with its substrate
proteins, Hsp30 is a poly-disperse large oligomer, speciﬁcally
expressed in bradyzoites, that interacts only very transiently with its
substrate. However, the lack of phenotypes of Hsp30 knockout
parasites [65,66] might indicate that Hsp21 and/or Hsp29 may be
able to partially compensate Hsp30 function in mutant parasites in
vivo. Hsp20 is associated with the outer leaﬂet of the inner membrane
complex [33] and thus might have rather speciﬁc substrates.
Nevertheless, it is surprisingly a very potent chaperone in vitro. The
mono-disperse Hsp28 is located in mitochondria and thus might be
specialized in terms of substrates. Additionally, the mechanism of
substrate-recognition and -interaction of Hsp28 clearly differ from
that of the other four members as it shows no transient substrate
interactions at all. In this context it should also bementioned that CS in
eukaryotes is a mitochondrial protein which might be an explanation
for the observed chaperone properties.
For several sHsps from different organisms an activation of the
chaperone activity at elevated temperatures has been described
[1,7,12,51,67]. The ﬁnding that the more mono-disperse members
Hsp20, Hsp21 and Hsp28 are activated at temperatures below
physiological conditions of the host is at ﬁrst sight surprising. However,
asaparasite,T. gondiinormally lives in thehighlyprotectedenvironment
of the mammalian host and thus normally does not face heat stress. On
the other hand, when it leaves this protected environment in form of an
oocyte excreted with feces, it faces a dramatic cold stress among other
stress conditions. Every oocyte contains 8 sporozoites and according to
the EST and/or SAGE expression proﬁling data (www.toxodb.org) all
sHsps are expressed in sporozoites. Hsp28 even shows the highest
expression and Hsp29 shows medium expression in sporozoites. In this
scenario, an activationof the sHspswouldﬁt nicely in the currentviewof
sHsps as a buffer or backup system, keeping substrate proteins in a
refolding-competent state until the stress situation is overcome. In this
context, amajor contribution of sHsps to cold tolerance in diapausingﬂy
pupae has been described previously [68]. Additionally, recent studies
on cold stress demonstrated that several classical chaperones are
involved in proteome homeostasis during cold stress [69]. Thus, the
activation of the chaperone activity of T. gondii sHsps under low,
unphysiological temperatures suggests an important role for this protein
family to cold stress tolerance in the sporozoite stage.In summary, our analysis of the sHsp system of T. gondii revealed
that all ﬁve proteins share the basic structural and functional
characteristics of sHsps. However, interesting differences in substrate
interaction and activation mechanisms exist, pointing to a functional
specialization.
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